assays (further referred to as control assay) was fed with 20 g of corn silage (fresh substrate).
Afterwards, another starving period over 20 days followed. The second sample received no 1 2 1 substrate and was subjected to starvation during the whole experiment. To analyse the effect 1 2 2 of different temperatures on FISH hybridisation rates, one sludge sample was kept at room (day 0), before feeding (at day 17), upon feeding (at day 18), one day after feeding (at day 19)
and after the second starvation period (at day 29). . The used corn silage was collected at the two-stage biogas plant and had 39.21% of total analysis. For determination of TS, samples were dried at 105°C. To determine VS, the 1 2 9
samples were incinerated at 550°C (Nabertherm Model 4/11/R6, Germany). For FISH analyses 0.5 ml of the reactor samples were fixed with 1.5 ml 3.7% formaldehyde
according to Nettmann et al. (2013) . Samples of the leach-bed reactors and samples from the 1 3 4
one-phase two-stage plant (reactor samples, which were compared to each other) were fixed 1 3 5
for 8 h, due to the long transportation time of the sludge samples. Samples of the starvation 1 3 6 experiment were fixed for 2 h. Incubation occurred in both cases at RT. After fixation 1 3 7
samples were washed in 1x PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM
KH 2 PO 4 , pH 7.6) by centrifugation at 13,400 rpm for 10 min (Eppendorf Minispin, Germany)
and stored in 48% ethanol (1x PBS and 96% ethanol mixed 1:1) at -20°C until further
processing.
To perform FISH 100 µl of the samples were mixed with 500 μ l 1x PBS and pelleted by 1 4 2 centrifugation for 5 min at 15,000 rpm (Eppendorf Centrifuge 5417R), the supernatant was For detection of bacteria a mix of the probes EUB338, EUB338II and EUB338III was used with 35% formamid in the hybridisation buffer (Daims et al., 1999; Glöckner et al., 1996) , for detection of archaea the probe Arch915 was used (Stahl & Amann, 1991; Raskin et al., 1994) under the same hybridisation conditions as the EUB338 probes. All probes were 5'-and 3'- humidity chamber according to Hugenholtz et al. (2002) with the following modifications:
hybridisation at 46°C for 2 h with 50 ng probe, subsequent washing at 48°C for 20 min,
washing buffer was supplemented with 5 mM EDTA. As additional control each strain M3/6) as well as an archaeal isolate (Methanobacterium formicicum strain L21-2).
Counterstaining for total cell detection was performed with 4,6'-diamidino-2-phenylindole
(DAPI) as described by Nettmann et al. (2010) .
Samples were analyzed with a Nikon Optiphot-2 epifluorescence microscope (Nikon,
Düsseldorf, Germany) equipped with the filter sets UV-2E/C and HQ:Cy3 for DAPI and Cy3
detection. For determination of total cell counts 12 view fields from independent, randomly
chosen microscopic fields were counted at a magnification of 630x (approximately 1,500 1 7 1 cells). amount of detected microorganisms was calculated by addition of the bacteria and archaea proportions (further just referred to as hybridisation rate). To calculate the standard deviation square root of the summed up variances was formed. hybridisation rates were determined at different time points. As a control a parallel assay was
fed with fresh corn silage at day 18. During the first starvation period (up to day 18) both
assays exhibited a similar biogas production increasing up to 11,450 mL L -1 and 13,130
, respectively. The minor difference in produced biogas might be explained due to high
inhomogeneity of the used sludge sample. Feeding of the control assay at day 18 led to an
abrupt increase in biogas production reflecting stimulation of microbial activity, whereas the
untreated sample showed a continuing small increase in biogas formation (Fig. 1A) .
The highest FISH hybridisation rate of 64% was achieved at the start of the experiment with starvation conditions led to a significant decrease in FISH hybridisation rates reaching 37.5% at day 17 in the sample incubated at 37°C, and 44.2% in a control assay incubated at room Directly upon feeding at day 18 FISH analyses of the fed and the unfed assay (at 37°C)
resulted in similar hybridisation rates showing no significant differences (Tab. 1). However,
after one day of incubation with fresh substrate the hybridisation rate increased significantly 2 0 5 from 35.0% to 57.8%, a proportion similar to the initial hybridisation rate (at day 0) obtained
with the reactor material directly taken from the biogas plant. In contrast, the hybridisation 2 0 7 rate in the assay subjected to further starvation continued to decrease over time (Fig. 1B) .
0 8
Eleven days after feeding the hybridisation rate of the fed sample was again low coinciding the remaining substrates and nutrients compared to those incubated at RT. Comparison of industrial digesters
As the lab-scale experiment with digester sludge revealed a negative effect of long starvation
periods on FISH hybridisation rates, we performed FISH with reactor samples of different FISH hybridisation efficiencies can also be observed with samples directly taken from large- samples from the leach-bed reactor fed with whole crop silage, corn silage, straw, shred, and
cow manure (Leachate-1) and the reactor fed with municipal organic waste (Leachate-2)
showed a much higher gas production compared to the leachate from the reactor fed with corn 2 2 7
silage, straw, and cow manure (Leachate-3); namely 751 mL and 998 mL compared to 166 2 2 8 mL biogas per litre of sludge sample. The differences in the produced biogas volumes can be [TVFA]), which can be converted into biogas, than Leachate-3, in which no TVFA could be detected (Tab. S1). This can be explained due to the fact that the leach-bed system from 2 3 4
Leachate-3 was mainly fed with cow manure (up to 70%), while the other leach-bed systems accordance with the assumption that high gas production is linked to an active metabolic state 2 3 7
of the microorganisms, samples with high gas volumes coincided with high FISH 2 3 8 hybridisation rates. FISH hybridisation rates of 79% and 72% were obtained with the samples 2 3 9
Leachate-1 and Leachate-2 whereas in Leachate-3 only 48% of the total DAPI counts could 2 4 0 be detected by FISH (Fig. 1C, Tab. 2).
4 1
Comparing sludges from different stages from a one-phase, two-stage plant (primary digester, 2 4 2 secondary digester, and digestate) a similar correlation between the biogas production and with sludges showing high biogas production. The primary digester showed the highest gas production (8,270 ml L -1 ) and a FISH hybridisation rate of 84% was achieved. In the
secondary digester a lower gas production was measured (4,207 ml L -1 ) and the obtained FISH signals accounted for 62% of the total DAPI cell counts. The lowest biogas production
was measured in the digestate (955 ml L -1 ) in which the FISH hybridisation rate showed only 2 4 9 55% (Fig. 1D) . Again the observed volumes of produced biogas are in accordance with contained more TVFA (Tab. S1).
5 2
All sampled reactors showed an optimal range of pH and no accumulation of inhibitory 2 5 3 organics acids (Table S1 ). Predominance of acetic acid was observed. Samples with high volumes of produced biogas also showed high concentrations of organic acids. These parameters indicate that the sludge samples were in good and undisturbed conditions. There is 2 5 6 a low probability that inhibitory effects (other then low amounts of nutrients) might lower 2 5 7 metabolic activity and therefore lower hybridisation rate. Our results demonstrate that FISH hybridisation rates can differ substantially between 2 5 9 different sludge samples. The fact that samples with highest gas production also showed 2 6 0 highest FISH hybridisation rates indicates a relation between the microbial metabolic activity by FISH, can differ strongly between sludges of different anaerobic digesters and
hybridisation rates were strongly influences by the metabolic state of the microorganisms.
Thus, applying FISH as enumeration tool for different groups of microorganisms in anaerobic 2 7 2 digester sludges, it must be considered that cell numbers can be error prone as the result of reduced the amount of detectable microorganisms, which must also be taken into
consideration when FISH is used in combination with other methods for an overall reactor screening such as a gas production assay, e.g. according to German VDI 4630 guidelines.
7 7
Long incubation and periods during the gas measurement would probably lead to microbial 
